Thermophotovoltaics (TPV) converts the radiant energy of a thermal source into electrical energy using photovoltaic cells. TPV has a number of attractive features, including: fuel versatility (nuclear, fossil, solar, etc.), quiet operation, low maintenance, low emissions, light weight, high power density, modularity, and possibility for cogeneration of heat and electricity. Some of these features are highly attractive for military applications (Navy and Army). TPV could also be used for distributed power and automotive applications wherever fuel cells, microturbines, or cogeneration are presently being considered if the efficiencies could be raised to around 30%.
INTRODUCTION
We propose to examine photonic crystals and advanced optical structures to substantially improve the radiative efficiency in TPV. Photonic lattices use a periodic modulation of the refractive index to alter the photonic density-of-states spectrum. Photonic lattices can alter the radiative spectrum and angular distribution of a radiator, or it can be used as an optical filter with a potentially 180° acceptance angle for a 3D photonic lattice ("photonic crystal"). (Control of the angular distribution is important for minimizing the radiative losses in the TPV cavity.)
Sandia is a leader in photonic crystals due to our leadership in MEMS technology. As an example, Sandia demonstrated the first 3D photonic crystal in the IR range using silicon MEMS technology (Fig. 1 ). These crystals were also used to demonstrate the alteration of spectral exitance by a photonic structure that could be so useful for TPV (Fig. 2) . Finally, we have demonstrated photonic crystals with an intentionally introduced defect (microcavity) that can be the ideal passband optical filter for TPV.
The accomplishments of this LDRD funded project are described below.
Chapter 1 All Metallic, Absolute Photonic Band Gap Threedimensional Photonic-Crystals for Energy Applications
We point out a new direction in photonic crystal research that involves the interplay of photonic band gap (PBG) rejection [1] [2] [3] and photonic band edge absorption. It is proposed that an absolute PBG may be used to frustrate infrared part of Black-body emission and, at the same time, its energy is preferentially emitted through a sharp absorption band. Potential application of this new PBG mechanism includes highly efficient incandescent lamps and enhanced thermophotovoltaic energy conversion [4] . Here, a new method is proposed and implemented to create an allmetallic 3D crystal at infrared wavelengths, λ, for this purpose. Superior optical properties are demonstrated. The use of metal leads to the opening of a large and absolute photonic band gap (from λ ~ 8µm to > 20µm). The measured attenuation strength of ~30 dB/ per unit cell at λ =12µm is the strongest ever reported for any 3D crystals at infrared λ. At the photonic band edge, the speed-of-light is shown to slow down considerably and an order-of-magnitude absorption enhancement observed. In the photonic allowed band, λ ~ 5µm, the periodic metallic-air boundaries mold the flow of light, leading to an extraordinarily large transmission enhancement. The realization of 3D absolute band-gap metallic photonic crystal will pave the way for highly efficiency energy applications and for combining and integrating different photonic transport phenomena in a photonic crystal.
It is known that a 3D metallic photonic crystal is promising for obtaining a larger photonic band gap [5] [6] [7] , for achieving new EM phenomenon [8] [9] [10] and for high temperature (>1,000C) applications. However, metals offer theoretical challenges in the investigation of photonic band gap behavior especially in the infrared (IR) and optical wavelength, as they are often dispersive and absorptive [11] . The difficulties in fabricating 3D metallic crystal in the IR and optical wavelengths present another challenge. So far, studies of metallic photonic crystals are mostly concentrated at microwave and millimeter wavelengths [9, [12] [13] . One exception is work done by Mclntosh et al on infrared metallodielectric photonic crystals [7] . Also, fabrication of optical metallic 3D crystal using self-assembly method is just emerging [14, 15] .
In this work, fabrication of a Tungsten 3D photonic crystal was realized using a newly proposed method. It is done by selectively removing Si from already fabricated polysilicon/SiO2 structures, and back filling the resulting mold with chemical vapor deposited (CVD) Tungsten. This method can be extended to create almost any 3D singlecrystal metallic photonic crystals at infrared λ, which are previously not achievable by any other means. A SEM image of the fabricated four-layer 3D Tungsten photonic crystal is shown in Fig.1 The optical properties of the 3D Tungsten photonic crystal are characterized using a Fourier-transform infrared measurement system for wavelengths ranging from λ =1.5 to 25 µm [16] . To obtain reflectance (R), a sample spectrum was taken from a 3D Tungsten crystal first and then normalized to a reference spectrum of a uniform silver mirror. To find the absolute transmittance (T), a transmission spectrum taken from a 3D Tungsten crystal sample was normalized to that of a bare silicon wafer. This normalization procedure is intended to calibrate away extrinsic effects, such as light reflection at the airsilicon interface and silicon absorption. For tilt-angle transmission measurements, the sample is mounted onto a rotational stage with a rotational angles spanned from θ=0 o to 60 o , measured from the surface normal, i.e. <001> direction. The absolute reflectance (black diamonds) and transmittance (blue circles) of a four-layer 3D Tungsten photonic-crystal is shown in Fig.2(a) . Light propagates along the <001> direction of the crystal and is un-polarized. The reflectance exhibits oscillations at λ< 5.5 µm, raises sharply at λ~ 6 µm (the band edge) and finally reaches a high reflectance of 90% for λ> 8 µm. Correspondingly, the transmittance shows distinct peaks at λ< 5.5 µm, decreases sharply at λ~ 6 µm (the photonic band edge) and then vanishes to below 1% for λ> 8 µm. The dashed line is for reference purpose and is a transmittance taken from a 6000Å uniform Tungsten film. The simultaneous high R and low T at λ> 8 µm is indicative of the existence of a photonic band gap in the Tungsten 3D photonic crystal. The attenuation is as large as ~30dB at λ=10 µm for our 4-layer sample, or equivalently a unit cell. The multiple oscillations at λ< 5.5 µm are attributed to photonic density-of-states (DOS) oscillations in the photonic allowed band. To confirm our experimental observation, a transfer-matrix calculation [5] of transmittance and reflectance is carried out and the results shown in Fig.3 . The structure parameters used are the same as the fabricated structure other than it has a slightly higher filling fraction, 33.3%. A frequency dependent dielectric functions ε 1 (ω), ε 2 (ω) for Tungsten were also used to take into account the dispersion and absorption effects [17, 18] . Fig.3(a) shows the computed result for a 4-layer (N=4) 3D crystal, which correctly predicts photonic band edge position and the gap size. More importantly, the transmittance (blue color curve) also shows a high transmission at λ~5µm. Although, the computed peak value (80%) is about three-times higher and the full-width-half-maximum (~ 0.5 µm) three times narrower than the measured one. By increasing N to 6 (i.e. a sample thickness of 9.6 µm), the peak transmission reaches a stable value of 95%, further confirming the notion of a photonic crystal. Surprisingly, there exists a sharp absorption peak (red color spectrum) at λ~ 6-7 µm. The peak λ is near the band edge and its absorptance is ~50%. Using a photoaccoustic spectroscopy technique [19] , a direct absorption measurement is performed and a clear absorption peak of 22% is observed at λ~ 6 µm. For comparison, the absorptance for a uniform Tungsten-film at this λ is measured to be ~1%. For λ< 4.5 µm, computed reflectance (>75%) is much higher than the observed one (20-30%). Since metallic absorption loss is not important in this λ−range [17] , the observed low R is attributed to scattering losses. One source of scattering is structure imperfections such as the keyholes shown in Fig.1 .
The photonic band gap attenuation in a 3D metallic photonic crystal must not be confused with typical metallic attenuation. To illustrate this point, transmission spectra for 3D crystals of different number-of-layers, N=2, 4 and 6, were computed and the results shown in Fig. 3(b) . The dashed line is a reference spectrum taken from a uniform 6000Å Tungsten-film. Consistent with its small metallic skin-depth (300-500 Å for 1µm < λ < 25 µm), the Tungsten-film transmittance is very low (T< 10 -8 ) and is nearly λ-independent. The sample spectrum, on the other hand, exhibits a much higher transmission (T~ 10 -1 ) for λ < 6µm, suggesting that photonic transport in this spectral range is not dominated by metallic attenuation. Moreover, a strong λ-independent and N-dependent is observed in the band gap regime (λ > 8 µm). This N-dependence indicates that transmittance attenuation at λ > 8 µm scales with layer-thickness of our 3D structure, but not the metallic skin depth. Thus, the attenuation at λ > 8 µm is due primarily to photonic band gap effect. The attenuation constant in the photonic band gap is very large. It is ~ 32, 56 and 64 dB per unit cell at λ = 10, 20 and 40 µm, respectively. This means that as few as one unit cell of a 3D Tungsten crystal is sufficient for achieving strong electromagnetic waves attenuation. To prove the existence of absolute metallic photonic band-gap, i.e. a common band gap for light propagating in all directions, a tilt-angle reflection experiment was conducted. Five tilt-angle spectra were shown in Fig.2(b) for θ = 10, 30, 40, 50 and 60 o , respectively. As θ is increased, the band edge position moves from λ ~ 6µm for θ = 10 ο to λ ~ 8µm for θ = 60 o . Nonetheless, both the oscillating features at λ < 6µm and the high reflectance at longer wavelength remain for all θs. Despite the shift in band edge, a large complete photonic band-gap exists, from λ ~ 8µm to λ > 20µm, for our 3D Tungsten photonic crystal. Such an extraordinarily large band gap is ideally suited for suppressing broadband Blackbody radiation in the infrared [20] and re-cycling its energy into the visible spectrum. In the photon recycling process, an absolute 3D photonic band gap completely frustrates IR thermal emission and forces the radiation into a selective emission band. Consequently, energy is not wasted in heat generation, but rather been rechanneled into a useful emission band. According to Kirchoff's law, the integrated absorptance equals integrated emissivity [21] . The absorption peak near band edge (see Fig.3 ) is then an ideal channel for light emission. As a Tungsten 3D crystal can be heated up to an elevated temperature of >1500C, the emission band can be tailored to be in the visible, giving rise to a highly efficient incandescent lamp. This new phenomenon is based on a powerful interplay between photonic band gap rejection and photonic band edge enhanced absorption, which is made possible by the creation of a 3D metallic crystal. This photonic band gap mechanism for energy recycling has major energy consequences in thermal-photovoltaic (TPV) application as well [4] . Using our 3D structure as an emitter, a TPV model calculation [4] shows that the TPV conversion efficiency reaches 51%, which is to be compared to 12.6% efficiency for a Black-Body emitter.
A 3D metallic crystal not only exhibits a strong photonic band gap, but also posses unique transmission and absorption characteristics. It is noted that while transmittance through a uniform 6000Å Tungsten-film is extremely small T < 10 -8 , peak transmission through 3D W-crystal sample at λ~5µm is high, T~25-30%. We may also approximate our 3D structure as arrays of sub-wavelength holes and the estimated transmission efficiency is also small, 3 x 10 -5 [22] . Here, the hole-radius is estimated from the straight opening shown in the inset of fig-1a . None of the above two approximations can explain the observed transmission enhancement. A further transfer-matrix calculation reveals that the transmission peak λ scales linearly with lattice constant a and depends on material filling-fraction. A similar enhancement effect and scaling behavior have also been observed in 2D metallic thin film hole-arrays and was attributed to surface plasma excitation [23] . However, its peak λ is independent of the hole-diameter, or equivalently hole filling-fraction. The surface plasmon picture is useful in describing EM modes in thin films with small holes, where the film thickness is small compare with λ [23] . It is likely that plasmon effect will play a role. However, a formal theoretical classification of the nature of the EM modes in complex structures as ours would give better insights into this extraordinary phenomenon. Such EM modes must also manifest the 3D crystal symmetry and facilitate waveguiding through metallic openings [24] . To explore the manner by which light-wave manages to mold itself according to the intricate 3D metallic structure (and to the Bloch Theorem), a FDTD calculation is carried out.
FDTD Calculations are done for a six-layer 3D crystal sample at three different λs (λ=5.2, 6.5 and 12 µm) and at two separate time steps T (=1∆t=0.133 x 10 -12 second and 2∆t). This calculation assumes a perfect metallic boundary condition, as Tungsten material absorption is minimal in this λs [17] . Here the ∆ts are chosen to display the transient and steady state electromagnetic wave distribution, respectively. The color plot is expressed in a logarithmic scale and shows electric intensity profile in the y-z plane. The light source is a continuous wave point source, indicated by arrows, and is placed at mid-point of the first layer (L=1). The Tungsten rods show up as red regions. At λ=5.2 µm and T=1∆t, see Fig 4. (a), light-wave intensity (the dark blue color) diverges in y-direction and meanwhile its wave-front propagates along z-axis up to L=6. At T=2∆t, Fig. 4 (b), light has transported uniformly through all six layers and its intensity reached a steady state. It is noted that, at the metallic boundaries, there exists a strong field gradient, from red, green to blue, encompassing the metallic rods. These periodic metallic-air boundaries mold the flow of light and dictate its Bloch-wave transport characteristics. At λ= 6.5 µm, Fig. 4 (c) and (d), light also diverges in y-axis, propagates less intensively toward L=4 at T=1∆t and eventually through L=6 at T=2∆t. Additionally, the speed-of-light is slow down considerably at this λ. The weaker transmission and the retarded speed-of-light are clear manifestation of light propagation at a photonic band edge. This retardation, along with percolation of light through the 3D structure, may be responsible for the large absorption at λ=6−7 µm. Here, the very unique photonic band edge behavior leads to order-ofmagnitudes absorption-enhancement. At λ= 12 µm (see Fig.4 (e) and (f)), light does not transport through the six-layer structure and is totally reflected back, as it is in the photonic band gap region. Finally, we address feasibility and challenges for realizing practical incandescent lamps. The first challenge involves the creation of metallic photonic crystals in the visible wavelengths. The minimum feature size needs to be made 10 times smaller, i.e.100-200 nano-meter. Current commercially available optical lithographic steppers can produce feature size of 150-180nm over a 12-inch silicon wafer and down to 120nm by year 2002. These steppers are designed for large-scale production with high yields, which should help driving the production cost down. Another alternative is to use direct electron-beam write lithographic technique, although it is more costly. It is also noted that a photonic band gap is effective only when infrared light is emitted within the 3D photonic crystal. Emission from the sample surfaces would experience less photonic band gap effect. One solution is to passivate the surface layers. By applying a thin insulating surface coating, electrical current can only pass through bulk portion of the 3D crystal, and high emission efficiency is again achievable.
Methods for Creating 3D single-crystal metallic photonic crystal
Details on the fabrication of the polysilicon/SiO2 3D photonic crystal, which formed the basis of the Tungsten-molds, are given in reference-16. Briefly, the 3D silicon photonic crystal consists of layers of one-dimensional rods with a stacking sequence that repeats itself every four layers (a unit cell), and has a face-center-tetragonal lattice symmetry [25] . Further details on the rest of the processing steps are as follows. Firstly, the polysilicon in a 3D silicon photonic crystal was removed using a 6M, 85C KOH etch which has a selectivity of ~100:1. Over-etch during the KOH process, which is required to ensure the removal of all the poly-silicon, results in the formation of a "V" structure on the bottom of the layer contacting the substrate. This is due to etching of the underlying substrate. The KOH etch effectively stops when the etch-front encounters the slow etching {111} planes of the substrate, thus forming a "V" groove (see Fig.1 ). However this artifact does not appear to significantly impact photonic band gap performance. Secondly, the blanket CVD Tungsten film does not adhere to silicon dioxide and was therefore grown on a 50nm thick TiN adhesion layer deposited by reactive ion sputtering. The bulk of the Tungsten film was deposited at high pressure (90 Torr) from WF 6 and H 2 . The chemical vapor deposition of Tungsten results in films of very high purity; the film resistivity was 10 microOhm-cm. The step coverage of the deposition process is not 100% and this gives rise to the formation of a keyhole in the center of the more deeply imbedded lines (see Fig.1b) . However, the resulting thickness is far greater than the skin depth of Tungsten and the parts typically retain sufficient structural integrity to be handled readily. And lastly, excess Tungsten on the surface was removed by chemical mechanical polishing and the oxide mold was removed with a 1:1 HF solution, which etches SiO2 but not Tungsten or TiN. All of the techniques employed throughout are modifications of standard CMOS processes and all work was performed on commercially available, monitor grade, six-inch silicon wafers.
Chapter Two

Origin of Absorption Enhancement in a Tungsten
Three-dimensional Photonic-Crystal A three-dimensional metallic photonic-crystal is realized and its absorption measured at infrared wavelengths. The metallic absorption is found to be suppressed in the photonic band-gap regime (λ ~ 8-20µm) and enhanced by orderof-magnitude at the photonic band-edge (λ ~ 5.8µm). The enhancement is attributed to the slower group velocity of light at the photonic band-edge, a longer photonmatter interaction length and a finite intrinsic absorption of tungsten.
Optical absorption is among the most basic photon-matter interaction in nature. Phenomenologically, A. Einstein introduced the so-called "A-, B-Coefficients" to characterize absorption, spontaneous and stimulated emission processes of a quantized system [1] . Quantum mechanically, A-, B-coefficients can be described as a summation of dipole-transition matrix-elements over all available photonic density-of-state (DOS) [1] . In a photonic-crystal environment, the photonic DOS may be engineered and a material's absorption rate (1/τ 12 ) be altered. More specifically, in the photonic band-gap regime, photonic DOS vanishes and no light is allowed to either penetrate into or radiate out of a photonic-crystal structure. As light-matter interaction is suppressed, no absorption in the band-gap regime is possible. Another interesting case occurs near and at the photonic band-edge, where the electromagnetic Bloch-wave is still extended throughout the structure, its v g is near zero and the photonic DOS is greatly increased [2] . In this regime, enhanced light-matter interaction is expected and application of it to enhance absorption [3] , laser gain [2] [3] [4] [5] and nonlinear effect have all been proposed [3, 4] . It has also been predicated that, at the band-edge, a new photon-atom bound state may occur [6, 7] . A photonic crystal thus offers an unique environment for modifying the intrinsic optical interactions inside a material.
In this paper, a tungsten 3D photonic-crystal is realized in the infrared wavelengths and its absorption properties measured and analyzed. The tungsten absorption rate is found to be greatly suppressed in the photonic band gap regime (λ~8-20µm) of a tungsten 3D photonic-crystal. More importantly, an order-of-magnitude absorption enhancement is observed at the photonic band-edge. An analysis is performed to understand the underlining mechanisms for absorption enhancement. It is found that the enhancement always occurs at the band-edge, becomes stronger as the sample layer is increased and depends on the material's intrinsic absorption.
The infrared 3D photonic crystals have a diamond crystal symmetry and are fabricated by a layer-stacking design [8] . SEM images of the fabricated 3D silicon and tungsten photonic crystals are shown in Fig. 1(a) and (b) , respectively. The 1D rods represent the shortest <110> chain of atoms in a diamond lattice and are stacked like Lincoln-logs. The rod-to-rod spacing is a=4.2µm, the rod width is w=1.2µm and rod height h~1.5µm. The stacking sequence is such that every four layers constitute an unit-cell. The fabrication details for our silicon and tungsten 3D photonic-crystal structures have been described previously [9] [10] [11] .
Fig.1
The experimental reflection (R) spectra of the 3D photonic crystals are taken using a standard Fourier-Transform-Infrared-Spectrometer (FTIR) for wavelengths from λ=2-20 µm. The absorption (A) spectrum is measured using a photo-acoustic method [12] . The photo-acoustic cell is commercially available and can be easily adapted to our FTIR system. To obtain absolute values of R and A, a proper normalization of the sample-signal to a reference-one is necessary. Reflectance from a silver mirror (R>98% at infrared λ) is used as our reflectance reference. The absorptance-reference is taken from a black-carbon absorber, which has an absorptance of 0.99 for λ=2-20 µm.
We first study R and A for a 3D silicon photonic crystal. In Fig.2(a) , the high reflectance at λ~10-14µm indicates the existence of a photonic band-gap. The lower and higher band edges occur at λ~10µm and 14µm, respectively. Despite the intricate reflectance-spectrum, the absorptance-spectrum (blue curve) has no feature and the absorptance is low (<0.2%) for all λs. This observation is consistent with the fact that silicon is a low-loss dielectric material at λ~1.2 to 20µm. In Fig.2(b) , we show R and A for a tungsten 3D photonic-crystal sample. Although the data has been reported earlier [9] , it is shown here for a comparison purpose. In brief, the reflectance exhibits a large photonic band-gap for λ~8-20µm, a band-edge at λ~6µm and allowed band oscillations for λ<5µm. More importantly, the absorptance exhibits a pronounced peak at the bandedge of λ~5.8µm. The peak absorptance of 22% is about one-hundred times larger than that observed (<0.2%) at the band-gap regime (λ>8µm). The simultaneous suppression and enhancement of absorption at the band-gap and the band-edge, respectively, is important for thermal emission modification. The observation of absorption enhancement only in the metallic 3D photonic-crystal suggests the importance of using metallic materials as well as having the photonic band-edge. The origin of the absorption-rate enhancement is investigated next by theoretically computing R and A using a newly developed Transfer-Matrix method [13] . The method can effectively handle the presence of a complex dielectric function in a metallic 3D photonic-crystal. To achieve absorption enhancement in a 3D metallic photonic crystal, three criteria must be satisfied. First, the absorption must occur at the band edge. To verify this, the photonic band-edge position is systematically shifted by increasing the layer thickness, h, from 1.5, 2.0 to 2.4 µm. As it will become clear later that the photonic bandgap dispersion is a strong function of h. In Fig.3 , the computed reflectance (black curve) and absorptance (blue curve) spectra for the three cases are shown. The reflectance for the h=1.5µm sample, Fig. 3 (a) , shows a band-edge at λ~5.8µm. At the same λ, an absorption peak of 18% is observed. Both the computed peak-absorptance value and peak-wavelength agree well with the measured ones. For the h=2µm sample, Fig. 3 (b) , the first band-edge is shifted to λ~6.6µm and the second band-gap at λ~6µm has a higher reflectance. Both the first and second absorption peaks occur right at the band-edge of λ~6.6 and 5µm, respectively. The absorption at λ~6.6µm has a higher absorption amplitude (~37%) and narrower band-width (∆λ=0.25µm) than that for the h=1.5µm sample. As h is further increased to 2.4µm, the band-edges continue to shift to longer wavelengths and the second band-gap is now well developed. The peak absorption, again, occurs at the band-edge (λ~7.4µm). The first allowed band is tightly sandwiched between the first and second band-gap, leading to a flatter frequency-wavevector dispersion and a higher DOS. Consequently, the absorption amplitude is further increased to 48% and the band-width narrowed to ∆λ~0.13µm. This data shows that absorption-rate, see inset of Fig. 2(b) , is preferentially enhanced and always occurs at the photonic band-edges. It is known that group velocity (V g ) of light approaches zero near the band-edge [2] . The ) and is absorbed more strongly. This observation is also consistent with theoretical modeling, which predict that the enhancement is proportional to 1/V g [2, 4] .
Figure 3
Secondly, the peak absorption-amplitude depends on the number-of-layers (N) of the structure. In contrast, a typical metallic absorption depends on metallic skin-depth of the metal surface layer. The peak absorption-amplitude is computed for samples of different N and is plotted in Fig.4 . The peak absorptance (solid dots) is 18% for the N=4 sample, or equivelently, one unit-cell. It rises sharply for 4<N<8 and becomes nearly saturated at ~60% for N>12. Meanwhile, the peak λ (open dots) remains essentially unchanged at λ~5.8µm for all Ns. The slight increase of the peak-λ for N>6 is due to the fact that the band-edge becomes sharper and moves toward longer-λ for larger Ns. For N<4, the structure is less than one unit-cell and neither the band-gap nor the band-edge are well developed. The peak-absorptance saturates at ~60%, but not 100%, this is partially caused by a finite reflectance at the air-crystal interface. The functional dependence of the absorptance is exponential-like and is similar to that for an absorbing material with a constant attenuation coefficient. The red curve is a fit to such an exponential function: A(λ~5.8µm)=b 0 -b 1 *exp(-α eff *H). Here, b 0 is the saturation value, b 1 is a fitting parameter to take into account the fact that band-gap is well developed only for N>4, H (=N*h) is the total sample thickness and α eff is the effective attenuation constant of light in the tungsten 3D photonic-crystal. The fit is good and the deduced b 0 , b 1 and α eff are 0.58, 1.9 and 0.26 µm -1 , respectively. The deduced absorption-length (=1/α eff ) of 3.8µm at λ~5.8µm is long compared to the skin-depth (~20 nano-meter) of the tungsten material at the same λ. For comparison, this absorption length is compatible to that for a GaAs semiconductor (1/α eff ~ 0.8µm) at λ=0.82µm. Clearly, light continues to get absorbed as it traverses through the photonic-crystal structure as thick as 21µm for the N=14 sample. The electro-magnetically excited Bloch-waves can mold its way through the entire photonic-crystal structure, leading to a much longer light-matter interaction length. Thus, the N-dependent absorption amplitude is attributed to the extended nature of the Bloch-waves.
Figure 4
Lastly, the peak absorption must originate from the intrinsic tungsten absorption, or the imaginary part of its dielectric constant, ε i (ω). To verify this, absorption spectrum is computed for a series of samples using βε i (ω) as a variable. Here, β is a scaling factor ranging from 0% (no intrinsic absorption) to 100% (full intrinsic absorption). In Fig. 5 , a summary of the peak absorption amplitude vs β for our tungsten 3D photonic-crystals is shown. The open dots are computed absorptance value for a uniform tungsten film, which increases linearly from 0 to 1.4% as β is varied from 0 to 100%. For the N=4 sample, the peak absorption amplitude (solid circles) also scales linearly with β and reaches 18% at the full absorption, β =100%. The same scaling behavior has been predicted previously in a calculation for enhanced stimulated emission at the band-edge [4] . This data shows that both the tungsten material absorption and the photonic crystal band-edge absorption have the same origin, which is βε i (ω). The effect of photonic band-edge is to enhance the absorption rate from its intrinsic value. Once β is set to zero, no absorption is possible even with the band-edge enhancement effect. This also explains why no absorption is observed for our silicon 3D photonic crystal, as ε i (ω) for silicon is low (< 3 x 10 -3 ) in its transparent regime [14] . For the N=6 sample, the absorptance (square dots) increases linearly for β<75% and starts to slow down at β=100%. For the N=10 sample, the absorptance (triangular dots) rises sharply for β<50% and reaches a saturation value of ~54% at β=100%. One may define an absorption enhancement-factor (η abs ) as the ratio of absorption between the tungsten-material and the photonic-crystal at the same β. For N=10, the enhancement-factor at the band-edge is as large as η abs = 100, 70, 50 and 40 for β= 25, 50, 75 and 100%, respectively.
Figure 5
In summary, a 3D metallic photonic-crystal is realized and its absorption measured at infrared wavelengths. The metallic absorption rate is found to be suppressed in the photonic band gap regime (λ ~ 8-20µm) and strongly enhanced at the photonic band-edge (λ ~ 6µm). The peak absorption is shown to originate from the intrinsic tungsten material absorption and is enhanced by the photonic band-edge effect. The enhancement is caused by a longer photon-matter interaction length as compared to the metallic skin depth and the slower group velocity of light at the photonic band-edge. 
INTRODUCTION
Thermophotovoltaic (TPV) energy conversion converts the radiant energy of a hightemperature body ("emitter") directly into electricity using a photovoltaic cell. TPV has a number of attractive features, including: fuel versatility (nuclear, fossil, solar, etc.), quiet operation, low maintenance, low emissions, light weight, high power density, modularity, and cogeneration of heat and power. TPV could potentially be used for distributed power, automotive, military, and other applications wherever fuel cells, microturbines, or cogeneration are presently being considered if the TPV efficiencies could be raised to around 30%. While the concept is very old, TPV is experiencing renewed interest due to recent advances in low-bandgap photovoltaic (PV) cells.
i,ii Low-bandgap photovoltaic cells are required to work with emitters at manageable temperatures (1300 to 1800K).
The parameters that affect TPV system performance has been examined by many authors. 1 A TPV system efficiency is the product of the fuel-to-radiation efficiency and of the radiation-to-electricity efficiency. The fuel-to-radiation efficiency is dependent upon the application, fuel source, and other engineering details. This paper will examine the second factor of radiation-to-electricity efficiency, since this factor is common to all TPV generators and we wish to examine new approaches to enhancing this component. The radiation-to-electricity conversion efficiency will be referred to as the "TPV efficiency".
The emitter temperature is mostly determined by the fuel source. The spectrum from the emitter is determined by the emissivity of the emitter and by the emitter temperature. The TPV efficiency for a given spectrum varies as a function of the PV cell bandgap; the optimum bandgap is wider (smaller) for higher (lower) temperature emitters.
Given a selection of operating temperature and PV cell, the efficiency of a TPV system is determined by the control of the radiation spectrum on the PV cell. In particular, the efficiency of the PV cell is improved by matching the spectrum of the radiation to the spectral response of the photovoltaic cell. For example, photovoltaic cells can have energy-conversion efficiencies over 50% if illuminated with monochromatic light near the bandgap.
iii Spectral control can be achieved by either controlling the spectrum of the emitted radiation ("selective emitter") or by using spectral filters to return unwanted radiation to the emitter. Achieving high efficiencies requires very high performance in terms of the spectral selectivity or reflectivity, bandwidth, and the angular distribution with either a selective emitter or a spectral filter.
iv Recently, the control of spectral emissivity by physically structuring the emitter has been examined by several researchers.
v,vi This is a new and powerful approach to controlling emissivity that can use well-established materials and tools from the microelectronics and thin-film industries.
We describe the use of photonic crystals as a selective emitter for TPV energy conversion. We first describe the general properties of photonic crystals and how they can be used to tune emissivity. Next, we present some preliminary experimental results using photonic crystals constructed using tungsten. Next, we model the performance of TPV systems using photonic-crystal selective emitters. Finally, we compare the prospects of photonic crystals for enhancing TPV energy conversion efficiency compared to other selective-emitter approaches.
PHOTONIC CRYSTALS and THERMAL EMISSION
Photonic crystals are structured materials where the refractive index is modulated in one, two, or three dimensions.
vii The modulation of the refractive index alters the photonic density-of-states spectrum. A photonic state is essentially an allowed optical mode in the structure. Many properties involving the interaction of radiation and materials, such as spontaneous emission and thermal emission of radiation, were once thought of as intrinsic properties of the material. However, these properties are, in fact, a function of the photonic density of states through Fermi's Golden Rule (Eq. 1).
This equation represents the probability of a radiative transition from an initial state i to a final state f for optical mode ω k . The term in the brackets is the quantum mechanical matrix element associated with the radiative transition, which is the product of the electric dipole moment µ and electric field E k for optical mode ω k . The matrix element is multiplied by the density of optical modes at ω k -i.e., the photonic density of states ρ(ω k )-to get the transition rate. Hence, modification of the photonic density of states can directly modify the radiative transition rate.
The emission of thermal radiation is more commonly described with classical mechanics through the definition of emissivity. Eq. 2 states that the thermal radiation from a graybody is equal to the emissivity ε(λ) multiplied by the thermal radiation from a blackbody I BB (λ) (Planck's Law). For purely thermal emission, it can be shown that the emissivity is equal to absorptivity (Kirchoff's Law), which provides a convenient method for calculating and measuring emissivity. The emissivity is less than unity since no radiator can emit thermal radiation greater than a blackbody. In general, the emissivity could also be a function of angle. The quantum and classical descriptions are, of course, fully equivalent. 9 The significance of this discussion is that the radiation-matter interaction is subject to engineering through physical structuring of the material(s) into a photonic crystal. It is even possible to design structures where there are no photonic states for a specific frequency range; i.e., a photonic bandgap. Such structures are said to exhibit a full photonic bandgap if there are no photonic states in any direction and for any polarization. (The bandgap terminology is borrowed from solid-state physics where crystal symmetry leads to a similar gap in the density of states for electrons.) As implied by Eq. 1 and 2, the radiative transition probability and the spectral emissivity are zero within a full photonic bandgap. Photonic crystals therefore provide the ultimate control of emissivity since these structures can achieve a true photonic bandgap.
The important parameters of a photonic crystal include the crystal symmetry and lattice constant, which determine the bandgap of the photonic crystal, and the refractive index contrast, which determines the magnitude and bandwidth of the photonic bandgap. Threedimensional photonic crystals can exhibit a full photonic bandgap. One-and twodimensional photonic crystals generally do not exhibit a full photonic bandgap; rather, they generally exhibit a photonic bandgap only for a narrow range of angles and/or for specific polarizations.
We (S-Y. Lin and J. G. Fleming) have previously demonstrated the alteration of thermal emission by a three-dimensional photonic crystal.
xi We fabricated and measured the thermal emission of a three-dimensional photonic crystal in polycrystalline silicon.
Silicon behaves optically like a dielectric in the infrared. The thermal emission was suppressed in the photonic bandgap and was enhanced in the photonic passband, which matched the expected alteration of the photonic density of states in the silicon photonic crystal. Hence, the issue is developing and demonstrating the potential of a photonic crystal for enhancing TPV energy conversion.
EXPERIMENT Practical TPV energy conversion systems require high emitter temperatures, e.g., around 1800K, to obtain high efficiencies and power densities. The high temperatures require refractory materials for the emitter. Tungsten is widely used in such refractory applications as incandescent light bulbs because the material is easily drawn into thin filaments and can handle the high temperatures. Metals also offer the advantage, compared to dielectrics, of a very large refractive index contrast that enhances the effects of photonic structures. In particular, a large photonic bandgap is needed to suppress the long-wavelength infrared emission of a blackbody. Finally, tungsten is advantageous since it can be easily deposited and patterned using commonly available tools from the microelectronics industry.
We developed a process for producing three-dimensional tungsten photonic crystals using the basic process used to fabricate our three-dimensional polycrystalline-silicon photonic crystals. The polycrystalline-silicon photonic crystal consists of a stack of layers with rods (Fig. 2) . Each layer of rods is produced using common processes from the microelectronics industry --oxide deposition, patterning to open a trench, polycrystallinesilicon deposition in the trench, and chemical-mechanical polishing to planarize the surface. Layers of rods are sequentially fabricated and the oxide is removed at the end. The result is a face-centered cubic crystal.
xii The tungsten crystal is obtained by first fabricating a photonic crystal in polycrystalline-silicon in a silicon dioxide matrix with the aforementioned fabrication sequence. The polysilicon is then removed with a chemical etch, which leaves a silicon-dioxide mold of the photonic crystal. Tungsten is deposited into this mold with chemical vapor deposition, and then the silicon dioxide mold is removed with a chemical etch. xiii The photonic crystals were characterized via reflectance, transmittance, and absorptance measurements using a Fourier-transform infrared measurement system (FTIR) from 1.5 to 25 µm (Fig. 3 and 4) . The metallic photonic crystal exhibited an enormous bandgap (around 8 to over 20 µm) and attenuation factor (30 dB per unit cell at 12 µm), as well as a transmittance and absorptance band near the edge of the photonic bandgap. The extremely large photonic bandgap and attenuation factor are due to the very large refractive index contrast using a metallic photonic crystal, while the absorption band is due to the unusual electromagnetic behavior associated with metallic photonic crystals. The fabrication, characterization, and, in particular, the unusual electromagnetic modes in metallic photonic crystals are described elsewhere. 13 We have also directly measured the emission of a tungsten photonic crystal that was heated electrically, and confirmed that the emission spectra matched the absorption spectra as expected from Eq. 2.
xiv It should also be noted that modeling calculations of the tungsten photonic crystal reproduce the spectral features well and, for example, predict that the absorptance in Fig. 4 can be increased by adding more layers to the photonic crystal.
RESULTS and TPV MODEL
The present tungsten photonic crystal has a cutoff wavelength of around 8 µm. As is well known in photonic crystal physics, the cutoff wavelength can be moved to shorter wavelengths by using a smaller lattice constant for the photonic crystal. In order to compare the performance of a tungsten photonic crystal designed for TPV applications with other selective emitter approaches, we projected the spectral emissivity of a tungsten photonic crystal where the cutoff wavelength is moved to around 1.7 µm -which is the appropriate cutoff wavelength to use with a GaSb photovoltaic cell (E g of 0.72 eV). This was achieved by: (1) equating the absorptivity with emissivity (Fig. 4) , and (2) dividing the wavelength scale by 3.4. This scaling corresponds to a tungsten photonic crystal with a lattice constant of 1.2 µm, which is compatible with current fabrication technology. This scaling procedure was adopted since, as previously mentioned, the modal dispersion relation in photonic crystals scales as the wavelength divided by the lattice constant.
We constructed a simple one-dimensional model of TPV energy conversion (Appendix). The purpose of the model is to compare the potential performance of a more optimal tungsten photonic crystal with other selective-emitter approaches that have been described in the literature. This model therefore does not include a model of the process to heat the emitter. The model also does not try to provide a realistic estimate of total system conversion efficiency since it neglects radiative and convective losses. Rather, the model provides performance trends as a function of different spectral properties in the TPV system.
The model for the GaSb photovoltaic cell and the TPV system is similar to the model described by Zenker et al. 2 We estimated the TPV efficiency (photovoltaic cell output divided by net radiant flux) with our scaled tungsten photonic crystal, with a microstructured tungsten emitter 3 , with an erbia/yttria selective emitter, and with an ideal blackbody.
Our TPV system calculations found a much higher projected radiation-to-electricity conversion efficiency for the photonic crystal compared to the other selective-emitter approaches ( Table 1 ). Note that the higher conversion efficiency was achieved at the expense of a much reduced power density. As previously noted, modeling calculations show that the absorptivity (and therefore emissivity) can be increased further by increasing the number of layers -which would improve the power density without changing the energy conversion efficiency. Power density is an issue with any selective emitter and affects the economics of the TPV system.
CONCLUSION
Photonic crystals offer a completely new and powerful method for modifying the spectral emissivity of thermal emitters. Photonic crystals provide the ultimate control of emissivity since they can achieve a true photonic bandgap where there is a complete absence of photonic states. Spectrally selective emitters based on photonic crystals could be used to substantially enhance the efficiency of thermophotovoltaic energy converters, incandescent lamps, or any other application using high-temperature radiators.
APPENDIX: DESCRIPTION OF TPV MODEL
A simple one-dimensional model was constructed to model the radiative fluxes in a TPV energy conversion system. Such a model neglects losses of radiation and heat via conduction from the ends of the TPV chamber. The quantities of primary interest include the net radiated power density Q r , the maximum electrical power density P max , and the maximum conversion efficiency max . These quantities are given by:
where J and V are the current density and voltage of the PV cell.
The set of planar optical elements that describe a TPV system include the emitter, an optional optical filter, a cell "window" (optical coating on the front surface of the PV cell), a PV cell, and a reflecting back plane. This model with the spectral fluxes is represented schematically as: λ is the wavelength, k is Boltzman's constant, h is Plank's constant, c is the speed of light, and T is the temperature of the emitter. The subscripts on q refer to the optical element (e.g., s is source, f is filter, etc.), source of the flux (e is emitter, t is transmitted, r is reflected, etc.), and direction of propagation (p is towards PV cell and m is towards emitter). The current density and cell voltage depend on the cell model. Following Zenker et al., we assume that the PV cell is totally absorbing for wavelengths less than bandgap wavelength λ g . The short-circuit current density is then given by: 
